Regarding the importance of nanoparticles in today's world, and in the light of the fact that their preparation can be a rather difficult task, we focused on the applicability of a simplistic direct precipitation approach for the preparation of praseodymium tungstate nanoparticles. To maximize the effectiveness of the method, a Taguchi robust design approach was applied to optimize the reaction in terms of the operating conditions influencing its outcome and the results were monitored by characterization of the Pr 2 (WO 4 ) 3 nanoparticles. Among the four parameters studied we found the dimensions of the produced nanoparticles to be determined by the concentrations of Pr 3+ and WO 4 3-solutions and the reaction temperature, while the flow rate of adding the cation solutions to the anion solution was found to leave very negligible effects on the product characteristics. To confirm the effect of the optimizations on the outcomes of the reaction, SEM, TEM, EDX, XRD, FT-IR and UV-Vis structural and morphological characterizations of the products were performed, the results of which were in agreement with those statistically predicted in the optimization procedure. Furthermore, as-synthesized praseodymium tungstate nanoparticles under ultraviolet light exhibited an efficient photocatalyst property in the photocatalytic degradation of methylene blue.
Introduction
Benefiting from the attractive properties of nanotechnology (e.g. quantum size effects [1] [2] and above normal luminescence phenomenon [3] ), which can be achieved through the application of nanosized particles has been a major area of focus in the past decades. Molybdates and tungstates of trivalent metals are among the materials with exciting fluorescent, laser, piezoelectric, ferroelectric and ferroelastic properties [4] [5] [6] . These compounds can have a variety of structures and many of them display negative thermal expansion.
Recent research works have paid specific attention to long-life, highly efficient luminescent materials with high quantum yields and emission intensities and their applications in solid-state lasers, amplifying devices and materials, phosphors for color televisions, fluorescent tubes, medical images and luminescent paints [7, 8] . Tungstate salts of rare earth cations have specifically been attractive due to the advantages they offer in laser technologies [9] . Among the different rare earth ions, Pr 3+ offers distinctive properties, due to the possibility of simultaneous blue ( [10] . The spectroscopic properties of the ion in several matrices including glasses [9] , polycrystals [10] , powders [11] , and gels [12] Removing organic and inorganic pollutants from wastewater under UV or near-UV light in the presence of photocatalyst is a facile and cheap method [17, 18] , while most of the pollutants could be degraded or mineralized under photocatalytic degradation conditions. During photocatalytic degradation, as a particular photochemical oxidative process, the surface of semiconductor is activated by UV-light in order to generate free radicals from the adsorbed OH -species, while the radicals are responsible for degradation of the contaminants. The photocatalytic action is carried out at the surface of the photocatalyst particles. Thus, reducing the mean size of particles in the particulate systems is predictable to improve the interfacial charge transferring degree. The specific surface area of the materials rises due to the particle size reduction and consequently the quantity of the active sites at their surface is enhanced and therefore more absorbed molecules will be able to react with the photo-generated charge carriers to yield hydroxyl and superoxide radicals [17] .
This study mainly focuses on the development of an effective route for the preparation of Pr 2 (WO 4 ) 3 through the optimization of the so-called direct precipitation reaction (DPR), with the qualities of being capable of producing praseodymium tungstate nanoparticles with acceptable composition and morphological properties in the absence of surface active compounds, templates or catalytic mechanism. This is a new area of endeavor, based on the results of our literature survey [19] [20] [21] [22] on the methods used for the synthesis of Pr 2 (WO 4 ) 3 micro and nanoparticles. Furthermore, methyl blue (MB) degradation was used as a probe reaction to test the as-synthesized Pr 2 (WO 4 ) 3 nanoparticles photoactivity. To the best of our knowledge, synthesis of praseodymium tungstate nano-structures has not been reported previously.
Experimental

The direct precipitation reaction
All salts were purchased from Merck and were used as received. The method for the preparation of the Pr 2 (WO 4 ) 3 particles included the addition of different concentrations of Pr
3+
, at different flow rates, to tungstate solutions. Vigorous stirring regimes were applied and the reaction temperature was also altered at some levels. The final product was filtered and cleaned to remove contaminating residues by distilled water followed by ethanol, before drying at 70ºC for 2 hours. The optimization procedure included studying the effect of operating conditions including the concentrations of the cation and anion solutions, their addition flow rates as well as the reaction temperature through an experimental design approach. The mentioned parameters (i.e. Pr 3+ and tungstate ion concentrations, praseodymium solution flow rate, and reactor temperature) were studied at three different levels according to Table 1 .
Characterization of the produced particles
The characterization of the sample was performed to evaluate its morphology, dimensions, chemical composition and purity. A Philips XL30 series scanning electron microscopy (SEM) instrument and a gold foil for loading the sample were used for acquiring the SEM images and energy-dispersive analysis by X-rays (EDX). For the preparation of the Au foils a SCD005 sputter coater (BAL-TEC Switzerland) was used. X-ray diffraction (XRD) tests were conducted using a Rigaku D/max 2500V diffractometer with a graphite monochromator and a Cu target. The infrared studies were conducted using a Bruck Equinox 55 device and the KBr pellet technique.
For acquiring the UV-Vis spectra the produced particles were dispersed in distilled water and the mixture was analyzed by a Perkin Elemer, Lambda 35 instrument in the wavelength range of 200-700 nm. Transmission electron microscopic images were recorded with a Ziess-EM900 TEM, on samples coated on a Cu grid coated with a layer of carbon. The UV-Vis diffuse reflectance spectra were recorded at room temperature using Avantes Spectrometer Avaspec-2048-TEC.
Photocatalyst property evaluation
The photocatalytic activity evaluation of as-synthesized praseodymium tungstate nanoparticles was carried out by following the methylene blue (MB) degradation (as an organic pollutant) under UV irradiation using 500 mL aqueous solution of 25 mg/L MB, while praseodymium tungstate nanoparticles (0.1 g/L) were dispersed in the solution. To reach adsorption equilibrium, the studied solution was aerated for 30 minutes via a quartz double pipe air lift photocatalytic reactor equipped with magnetic stirring. A high pressure Hg lamp (250W and λ<280 nm) stayed on the inside of interior pipe of the reactor was utilized for UV irradiation. At various time intervals of irradiation (0, 10, 20, 30, 40, 50 , and 60 minutes), the concentration of MB was monitored by analyzing on a UV-Vis spectrophotometer. The photocatalytic activity of the samples was studied at room temperature. Also, the photocatalytic activity of prepared nanoparticles at optimal conditions was compared with the Degussa P25 TiO 2 under the similar conditions.
Results and discussion
It is clear that the dimensions and morphology of particles produced through the precipitation reaction are determined by experimental factors [23] , and hence an orthogonal array design (OAD) was used to optimize the experimental conditions based on the evaluation of a rather limited number of experimental results. This optimization technique is a fractional factorial design, which applies an orthogonal array for attributing the prominent process factors among a set of experimental combinations [24] [25] [26] , with the aim of characterizing a complicated process with the minimum number of experiments through the specialized design of experiments and statistical approaches to the interpretation of the data [27] . The results of the OAD experiments were further assessed through analysis of variance to explain and confirm significance of tested experimental factors [28] . The application of precipitation reactions for the preparation of insoluble inorganic salts is a potentially useful and conventional technique [29] [30] [31] which suffers the disadvantage of lacking control over the properties of the product which gains prominence in the case of nanomaterials which require a high level of control for fine tuning the size and shape of the product. This naturally requires very extensive and thorough knowledge of the interactions between the reagents. However, approaches like the Taguchi robust design can be used to do this more easily. In this work we considered the concentrations of Pr 3+ and WO 4 2-ions, as well as their addition flow rate or F z (the flow rate at which the Pr 3+ solution was added to the WO 4 2-solution), and the reactor temperature, at three levels according to the requirements of the Taguchi design, and the results are reported in Table 1 .
Several samples were prepared according to the conditions mentioned in this table and they were characterized through the SEM technique, and the resulting SEM images are shown in Figure 1 . These results indicate that the dimensions of the produced nanoparticles vary greatly upon altering the operating conditions. To understand the influences of altering the operating factors, the average value of the product diameters measured under each level was computed through the Taguchi routine [32, 33] , and these values were used to understand the pattern at which the product dimensions change upon varying the factors between the different levels, and the outcome was validated by the information conveyed in Figure 2 . The images in Figure 2a show the effects of altering Pr 3+ and WO 4 2-concentrations between the three different levels of 0.005, 0.01, and 0.1 mol/L on the size of the Pr 2 (WO 4 ) 3 . The image in Figure  2a suggests concentrations of 0.005 M and 0.1 M as being the optimum values for Pr 3+ and WO 4 2-for yielding sample particles of the smallest size. Further, the image in Figure   2b , demonstrates the average effect of F z values of 2.5, 10, and 40 ml/min, as well as temperature, on the product size. Based on the results one can conclude 10 mL/min as being the optimal F z value. Additionally, one can see that 60ºC is also an optimum temperature for the reaction and leads to the finest Pr 2 (WO 4 ) 3 particles .
Analysis of variance was carried out on the average particle dimensions of the samples produced according to Table 1 and the results are given in Table 2 . The results shown in Table 2 show that What is seen is that at confidence interval of 90%, ignoring the interactions between the different parameters, all evaluated conditions, except F z , have considerable influences on the outcome of the reaction. Considering the data presented in Figure 2 and the results of analysis of variance that are expressed in Table 2 , the best direct precipitation reaction conditions are 0.005 mol/L for Pr 3+ , 0.1 mol/L for WO 4 2-and 60 °C.
Based on the equation for evaluating the optimal outcome Y opt (here the product size) proposed by the Taguchi design the following equation was used [28] [29] [30] [31] [32] [33] :
Where, T/N is the average of all outcomes (here the average diameter of Pr 2 (WO 4 ) 3 ) and C X , C y , and T z are the average eff ect for the optimum conditions (here Pr 3+ and WO 4 2- concentrations and reaction temperature respectively). The optimum product diameter was calculated as 51 ± 1 nm, using equation1 and the optimum values. This value corresponds to the results of run 3 in Table 1 (Figure 1b) . Further TEM characterizations ( Figure 3 ) not only confi rmed this size by showing the experimental values to be around 50 nm, but also revealed the morphology of the product as spherical. Based on these evaluations, the product prepared under the conditions of run 3 was used for further analysis by energy dispersive X-ray analysis (EDX), XRD, FT-IR and UV-Vis.
Characterization of the optimal product
To evaluate the composition and purity of the optimum product its EDX and XRD patterns were acquired. Figure 4 shows the typical EDX pattern of synthesized Pr 2 (WO 4 ) 3 nanoparticles. The EDX pattern showed that the product is highly pure, and the average atomic percentage ratio of Pr, W and O is about 8.3:27.4:64.3 . This elemental analysis confi rms the presence of the corresponding elements in stochiometric percentage. Also, its XRD pattern ( Figure 5) shows strong intensities on a fl at baseline, along with wide and low diff raction. The strong peaks observed in the spectrum are mainly in congruence with the pattern reported for the monoclinic and orthorhombic structures of Pr 2 (WO 4 ) 3 according to PC-APD diff raction soft ware codes (00-031-1153 and 00-050-0347).
The FT-IR spectra of the sample were acquired both before and aft er annealing treatments at 200 ºC, 450 ºC and 650 ºC and the results are given Figure 6 . The absorption at 3370 cm −1 in Figure 6a corresponds to the stretching and bending vibrations of the O-H bonds of the surface-absorbed water [3, 4] . Naturally the annealing procedure leads to weakening and eventual elimination of this peak, while the absorption band of the monoclinic type structure appear between 473-881cm −1 (Figure 6b-d) , due to the annealing procedure. The IR spectra of the samples heated to 650 °C show split absorption peaks at 951, 937, 867, 810, 736, 680, 474 cm -1 which correspond to monoclinic Pr 2 (WO 4 ) 3 , which suggests the transformation of the amorphous to crystalline phase which starts at 400 °C. This trend does not continue over 650 °C which indicates that the samples annealed up to this temperature have reached the maximum crystallinty [3, 4] .
The UV-Vis studies of the sample powder dispersed in an aqueous media were also performed and the results are given in Figure 7 . The results show a main absorption peak at about 205 nm, indicating a small crystal size [1, 28] .
All of the experimental data acquired for the optimized method of the present work indicate that the products have good properties in terms of size, crystallinity and morphology, using a synthesis procedure that does not require costly and/or environmentally harmful reagents (e.g. templates, surfactants, or catalysts) that are common in the techniques used for the preparation of nanostructured materials. Figure 8a shows the result of the UV-Vis diff use refl ectance spectroscopy (DRS) of the praseodymium tungstate nanoparticles. The optical band gap energy of the praseodymium tungstate nanoparticles can be measured using the diff use refl ectance data, while this parameter might be defi nitude as the required minimum photon energy for exciting an electron from the valence band of a semiconductor to the conduct band. Tauc's equation [34] can be utilized to determine the energy dependence of the semiconductors absorption edge:
Where α, h, υ, E g , A is the absorption coeffi cient, Planck's constant, frequency of light, band gap energy and proportional constant respectively. η may be equal to 1 2 or 2 for the direct and indirect transitions respectively. In the present study η was equal to 1 2 for the praseodymium tungstate nanoparticles. Figure 8b presents the Tauc's plot for the praseodymium tungstate nanoparticles. The estimated band gap for the sample is about 3.9 eV which corresponds to an absorption edge of about 318 nm.
Photocatalytic activity of nanomaterial
The photocatalytic activity of the praseodymium tungstate nanoparticles prepared under optimal conditions was investigated by following the photodegradation of methylene blue (MB) as a water contaminant under UV light illumination. MB in the presence of a photocatalyst commonly degrades to carbon dioxide, nitrate, ammonium and sulphate via the following reaction [35, 36] 
Where C, A, ε, and b are the concentration of MB in the solution, light absorbance, the molar absorptivity and the path length of the light beam through the sample respectively. The Langmuir-Hinshelwood kinetics model was utilized to study the photocatalytic degradation kinetics of MB. This model is commonly used for the photocatalytic degradation of organic compounds when the initial concentration is low. This kinetic model is described by the following equation [37] :
Where k, t, C, and dC dt -are the reaction rate constant, the time of degradation, the concentration of MB and the rate of reaction respectively.
The values of MB concentration during irradiation at various time intervals (0, 10, 20, 30, 40, 50 , and 60 minutes) monitored by UV-Vis absorbance are shown in Figure 9 . In addition, Degussa P25 TiO 2 , a well-known photocatalyst, was under the same conditions used to compare the photocatalytic activity of as-synthesized nanoparticles. Figure 10 shows the result of this comparison and represents the degradation of MB as a plot of C/C 0 and percentage of degradation versus illumination time, where C and C 0 are the MB absorption at each irradiated time and at time equals zero respectively. As shown in Figure  10 , the maximum conversions of MB for praseodymium tungstate and TiO 2 respectively are about 99.7% and 76% aft er 40 minutes and about 99.9% and 91% 60 minutes aft er illumination. Figure 11 gives plot of MB degradation as a pseudo fi rst order reaction by using praseodymium tungstate nanoparticles. Thus, the fi rst-order reaction rate constant was obtained as the slope of the linear regression of -ln(C/C 0 ) versus irradiation time. The results showed that the rate constants are 0.1255 and 0.0375 min -1 for praseodymium tungstate and TiO 2 respectively. This means that praseodymium tungstate nanoparticles eliminate MB considerably quicker than TiO 2 . These results are in agreement with previous reports [38] [39] [40] which explained that the main issue with the photocatalytic activity of TiO 2 is the recombination of electrons and holes. This substantially reduces the number of free charges on the surface and leads to a lower photocatalytic activity. Furthermore, the low adsorption ability of TiO 2 particles along with low quantum effi ciency are other problems aff ecting the photocatalytic performance of TiO 2 . However, the lattice of lanthanide compounds, e.g. praseodymium tungstate could provide better adsorption of an organic pollutant on the surface of semiconductor, causing higher photoactivity than TiO 2 . Furthermore, the special electronic structure of the lanthanide compounds leads to the diff erent optical and photocatalytic performance than TiO 2 [40] [41] [42] . In conclusion, the results demonstrate that the praseodymium tungstate nanoparticles are a likely, benefi cial and eff ective photocatalyst for organic pollutions purifi cation from water.
Conclusion
The preparation of nanosized Pr 2 (WO 4 ) 3 nanocrystals through a Taguchi-optimized precipitation reaction was evaluated. The optimization of the parameters at diff erent levels suggested by the experimental design method showed that this simple precipitation route can be eff ectively used for the synthesis of praseodymium tungstate yielding products of good purity and dimensions. The ANOVA of the results indicated the concentrations of Pr 3+ and WO 4 2-and the reactor temperature had the largest eff ect on the product properties. Diff erent characterization techniques were used for the evaluation of the product and all revealed the eff ectiveness of the optimized method, and the comparison between the predictions and experimental results. Meanwhile, praseodymium tungstate has a better photocatalytic activity compared to TiO 2 . In the presence of as-prepared praseodymium tungstate nanoparticles as photocatalyst, MB degradation yield was about 99.9% aft er 60 minutes of UV light irradiation, while TiO 2 degrades 91% of MB at the same time. 
